Interstitial fibrosis is an important contributor to graft loss in chronic renal allograft injury. Inflammatory macrophages are associated with fibrosis in renal allografts, but how these cells contribute to this damaging response is not clearly understood. Here, we investigated the role of macrophage-to-myofibroblast transition in interstitial fibrosis in human and experimental chronic renal allograft injury. In biopsy specimens from patients with active chronic allograft rejection, we identified cells undergoing macrophage-to-myofibroblast transition by the coexpression of macrophage (CD68) and myofibroblast (a-smooth muscle actin [a-SMA]) markers. CD68 + /a-SMA + cells
Interstitial fibrosis is a major feature in chronic renal allograft injury. It is induced by a wide range of immune and nonimmune insults and is a predictor of allograft loss. [1] [2] [3] It is well accepted that myofibroblasts are the major collagen-producing cell type during active fibrosis, but the origin of myofibroblasts continues to be a subject of intense debate. 4 Accumulating evidence indicates a diverse cellular origin of myofibroblasts during active fibrosis, 4, 5 including bone marrow-derived fibrocytes and fibroblasts. [6] [7] [8] [9] [10] [11] Recent studies in the mouse model of unilateral ureteric obstruction (UUO) and in patients with progressive CKD have shown that bone marrow-derived monocytes/macrophages are capable of transition into myofibroblasts as identified by coexpression of macrophage markers (F4/80 and CD68) and a-smooth muscle actin (a-SMA) in conjunction with production of collagen I. [12] [13] [14] These observations suggest that macrophage-to-myofibroblast transition (MMT) may be another pathway leading to myofibroblast accumulation during renal fibrosis. 13, 14 However, it remains unknown whether MMT contributes to chronic renal allograft rejection and what the mechanisms are that regulate the process of MMT.
TGF-b1/Smad3 signaling is a pivotal pathway in renal fibrosis. 15 This is supported by the finding that mice lacking Smad3 are protected against tissue fibrosis in models of CKD. 16, 17 Smad3 is also required for the transition of cultured tubular epithelial cells, endothelial cells, and mesothelial cells into myofibroblasts in response to stimulation with TGF-b1, angiotensin II, and advanced glycation end products. [18] [19] [20] In addition, studies in the UUO model of interstitial fibrosis and in cultured macrophages have identified that TGF-b1-induced MMToperates via a Smad3-dependent mechanism. 14 However, little is known of the potential role of MMT or Smad3 signaling in the development of fibrosis in renal allograft injury.
This study investigated MMT and the functional role of Smad3 signaling in interstitial fibrosis in chronic renal allograft rejection. Phenotype analysis and lineage tracing were used to identify MMT in active interstitial fibrosis in human and experimental renal allograft rejection. In addition, a gene deletion approach demonstrated that the MMT response and the development of interstitial fibrosis in experimental renal allograft rejection operate via a Smad3-dependent mechanism.
RESULTS

Identification of MMT in Human Chronic Active Renal Allograft Injury
Immunostaining was performed to identify cells undergoing MMT on the basis of coexpression of macrophage (CD68) and myofibroblast (a-SMA) markers. Biopsy samples taken immediately after transplantation (control) showed the presence of both CD68 + macrophages and resident a-SMA + cells, but no double labeled cells were evident ( Figure 1A ). Acute renal allograft rejection (n=7 , Table 1 ) exhibited a marked infiltrate of CD68 + macrophages and only a few coexpressing CD68 + a-SMA + cells were apparent ( Figure 1 , B-E). Biopsy specimens from patients with chronic active renal allograft rejection (n=13) contained large 
numbers of both CD68
+ macrophages and a-SMA + myofibroblasts in areas of severe interstitial fibrosis, with many double positive cells evident ( Figure 1C ). These CD68 + a-SMA + MMT cells accounted for approximately 50% of the total a-SMA + myofibroblast population ( Figure 1E ). Three-color confocal microscopy, including Z-stack analysis, identified collagen I production by CD68 In addition, the number of a-SMA + myofibroblasts correlated with Banff scores of interstitial fibrosis and tubular atrophy in patients with chronic active allograft rejection and in those patients with chronic renal allograft fibrosis without evidence of rejection (Supplemental Figure 1) . By contrast, CD68 + macrophages and CD68 + a-SMA + MMT cells correlated with interstitial fibrosis in patients with chronic active allograft rejection but not in patients with chronic renal allograft fibrosis without evidence of rejection (Supplemental Figure 1 ). In addition, nuclear staining for phosphorylated Smad3 was detected in rejecting allografts indicating active TGF-b signaling (Supplemental Figure 2A) . These findings suggest an active role for MMT cells in chronic active renal allograft rejection.
Lineage Tracing in Mice Identifies That a Subset of Myofibroblasts in Chronic Renal Allograft Rejection Are Derived from Recipient Bone Marrow Macrophages We used a genetic approach to determine the origin of MMT cells and myofibroblasts in chronic renal allograft rejection. BALB/c kidneys were transplanted ectopically into Lyz2-Cre/26-Tomato C57BL/6J mice which express the Tomato fluorescent protein exclusively in cells of the myeloid lineage. Thus, any Tomatoexpressing myofibroblasts would be derived from recruited bone marrow-derived macrophages rather than from resident tissue macrophages. Native kidneys in recipient mice were left in place. In addition, recipient mice received tacrolimus to blunt the acute rejection response thereby allowing the development of chronic renal allograft rejection with interstitial fibrosis by the day 28 endpoint (Supplemental Figure 3) . As a control, we confirmed Tomato expression by macrophage populations in kidney, liver, and lung in Lyz2-Cre/Rosa26-Tomato mice (Supplemental Figure 4) .
Analysis of BALB/c renal allografts by three-color confocal microscopy showed that most F4/80 + macrophages infiltrating renal allograft were Tomato + ( Figure 3A ). In addition, many of these F4/80 + Tomato + cells coexpressed a-SMA and collagen I, indicating that bone marrow-derived collagen-producing MMT cells make a substantial contribution to progressive renal fibrosis in chronic renal allograft rejection ( Figure 3, A and B) . Examples of Tomato + a-SMA + collagen I + MMT cells in the renal allograft are clearly illustrated by Z-stack confocal images ( Figure 3C , Supplemental Video 2). Quantitative three-color flow cytometry confirmed that .80% of CD68 + macrophages in the renal allograft were derived from recipient bone marrow on the basis of Tomato expression ( Figure 3D ). In addition, around 90% of CD68 + a-SMA + MMT cells expressed Tomato ( Figure 3D ), with Tomato expression seen in 37% of the total a-SMA + myofibroblast population in the renal allograft ( Figure  3D ), indicating that MMT makes a substantial contribution to the development of fibrosis in chronic renal allograft rejection in the mouse.
Recipient Mice Lacking Smad3 Are Protected from MMT and Interstitial Fibrosis in Chronic Renal Allograft Rejection
Because TGF-b/Smad3 signaling plays a critical role in renal fibrosis, 15 we investigated whether Smad3 regulates MMT and the development of interstitial fibrosis during chronic renal allograft rejection. BALB/c kidneys were transplanted into either Smad3 wild type (WT) or knockout (KO) C57BL/6J mice. Recipient mice received tacrolimus from the time of transplantation until being euthanized on day 28. Smad3 activation was prominent in allografts as determined by C-terminal phosphorylation and its nuclear localization in glomerular and tubulointerstitial cells (Supplemental Figure  2B ). Renal allografts in Smad3 WT mice developed chronic allograft injury with marked interstitial fibrosis and a substantial infiltration of F4/80 + macrophages by day 28 as shown by Masson trichrome staining and immunostaining ( Figure  4 ). By contrast, allografts in Smad3 KO mice showed significantly less fibrosis and a partial reduction in macrophage accumulation ( Figure 4 ) without significantly affecting T cell infiltration (Supplemental Figure 5 ). The isograft controls showed no evidence of graft fibrosis or increased macrophage infiltration at day 28 ( Figure 4 ), confirming that the fibrosis seen in the allograft model was due to rejection rather than ischemia/reperfusion injury or toxicity from tacrolimus treatment. Western blot and mRNA analysis confirmed that the increase in a-SMA and collagen I seen in renal allografts in 
MMT Cells in Chronic Renal Allograft Rejection Have a Predominant M2 Phenotype
Previous studies of interstitial fibrosis in the obstructed kidney identified that MMT cells are largely derived from M2 macrophages. 14 In this study, we also found that MMT cells had a predominant M2 phenotype in both human and experimental chronic renal allograft rejection. Analysis by two-color immunofluorescence showed that the majority of CD68+ macrophages (75%) were M2 phenotype identified by coexpressing CD206, whereas a few CD68 +iNOS+ cells were detected in patients with active chronic allograft rejection (Figure 8 , A-C). Further analysis revealed that up to 40% of the M2 macrophages coexpressed a-SMA (CD206 + a-SMA + cells) ( Figure 8 , D and F), which was further illustrated by a Z-stack image (Supplemental Figure 6 , Supplemental Video 4). In contrast, only a few iNOS + a-SMA + cells were detected ( Figure 8 , E and F). In the mouse model of chronic renal allograft rejection, we found that .80% of infiltrating CD68 + macrophages in Smad3 WT recipients coexpressed CD206 whereas only a minority expressed iNOS ( Figure 9 ). In addition, although there were fewer MMT cells in renal allografts from Smad3 KO recipient mice, there was also a reduction in CD206 expression in MMT cells in these allografts (Figure 10 ). This finding was confirmed by flow cytometry which showed that .80% of F4/80 + a-SMA + MMT cells in renal allografts from Smad3 WT recipients coexpressed CD206, and this CD206 expression was significantly reduced in MMT cells from renal allografts from Smad3 KO recipient mice ( Figure 11A ). Real-time PCR analysis of renal allograft tissue showed substantial increases in mRNA levels for both M1 (iNOS, MCP-1, IL-1b, TNF-a) and M2 (CD206, Arg-1, TGF-b1, IL-10, IL-4, IL-13) markers in renal allografts from Smad3 WT recipient mice and these were largely reduced in allografts from Smad3 KO recipient mice (Figure 11 , B and C, Supplemental Figure 5B ), although inhibition of IL-13 expression did not reach statistically significant level.
DISCUSSION
This study has identified that macrophages are an important source of myofibroblasts and contribute to the development of interstitial fibrosis in human and experimental chronic renal allograft rejection. Fate-mapping studies in mice clearly established bone marrow-derived macrophages as a source of myofibroblasts in chronic renal allograft rejection through a process of MMT. This MMT process occurred predominantly in M2 phenotype macrophages. In addition, the MMT process and development of interstitial fibrosis in renal allografts was mediated by TGF-b/Smad3 signaling.
It has been well recognized that inflammation is a key process leading to progressive renal fibrosis. 21 Increasing evidence shows that intragraft macrophages, particularly activated macrophages, correlate with a poor outcome in renal transplantation in humans and animal models. [22] [23] [24] [25] [26] [27] [28] [29] In addition, a-SMA + myofibroblast accumulation has been recognized as an early marker of chronic renal allograft dysfunction. 30, 31 Of note, CD68
+ macrophages and a-SMA + myofibroblasts colocalize in areas of active interstitial fibrosis in renal allografts. 25, 27, 29 Although macrophages may stimulate renal fibrosis in an indirect fashion by producing proinflammatory and profibrotic cytokines and growth factors, 13 a direct link between inflammatory macrophages and myofibroblast accumulation during chronic allograft rejection has remained undefined. In this study, we confirmed that intragraft CD68 + macrophages correlated with loss of allograft function and the development of interstitial fibrosis in patients with chronic active allograft rejection, consistent with previous observations. [23] [24] [25] [26] [27] [28] [29] The new finding in this study was the identification that macrophages can transform into collagen-producing myofibroblasts, providing a novel mechanism for the direct involvement of macrophages in interstitial fibrosis during chronic renal allograft rejection. This MMT process was delineated by fate-mapping in combination with confocal microscopy and flow cytometry which demonstrated that 37% of the total a-SMA + myofibroblast population in the renal allograft was derived from recipient bone marrow myeloid cells. The fate-mapping also confirmed the specificity of detecting MMT cells coexpressing macrophage and myofibroblast antigens using these techniques. Interestingly, CD68 + Figure 5 . Deletion of Smad3 in the recipient inhibits fibrosis in mouse chronic renal allograft rejection. Kidney allografts were transplanted into Smad3 WT or Smad3 KO recipient mice and examined 28 days later. An isograft group was used as a control. (A) a-SMA protein levels in renal allografts shown by Western blotting and a-SMA mRNA levels shown by real-time PCR. (B) Collagen I protein levels in renal allografts shown by Western blotting and collagen I mRNA levels shown by real-time PCR. Data are mean6 SEM for groups of 6-8 mice. *P,0.05, ***P,0.001 versus isograft controls; macrophages and CD68 + a-SMA + MMT cells, but not the total a-SMA + myofibroblast population, correlated significantly with allograft function in patients with chronic active renal allograft rejection, suggesting that MMT is an important component of the link between inflammation and fibrosis in active fibrotic disease. This finding may explain the previous observations that fibrosis with inflammation predicts loss of renal transplant function better than the fibrosis index alone. 30 The identification of MMT as an important pathway of myofibroblast accumulation during chronic renal allograft rejection confirms and extends our previous demonstration of MMT during the development of interstitial fibrosis in the mouse model of UUO. 14 This study used fate-mapping to confirm the myeloid lineage of MMT cells and a-SMA+ myofibroblasts in chronic renal allograft rejection. In both studies, MMT was found to account for a substantial component of the myofibroblast population, supporting the argument that MMT is a common mechanism of interstitial fibrosis despite very different underlying causes of renal injury.
Macrophages undergoing MMT in both human and experimental chronic renal allograft rejection had a predominant M2 phenotype. Macrophages can promote both damage and repair in renal allografts depending upon the underlying insults and effectiveness of immunosuppression therapy. [28] [29] [30] [31] [32] [33] [34] In kidney transplant rejection, proinflammatory M1 macrophages contribute to graft loss and are characterized by production of proinflammatory cytokines and chemokines (IL-1b, MCP-1, and TNF-a) and the generation of reactive oxygen species. [32] [33] [34] [35] [36] By contrast, M2 macrophages are generally considered to be reparative and are induced upon exposure to IL-10 or TGF-b and express CD206 and Arg-1. [28] [29] [30] [31] [32] [33] Ongoing inflammation leads to chronic renal allograft rejection with fibrogenic M2 macrophages. [28] [29] [30] [31] [32] [33] 37, 38 However, macrophage heterogeneity and plasticity are major obstacles to determining whether the profibrotic M2 macrophages that undergo MMTare derived from M1 proinflammatory macrophagesthereby representing a change in function from acute inflammation to fibrosis during chronic rejection-or if they are derived from a distinct macrophage population.
It is well documented that TGF-b1 is an important mediator in renal fibrosis after renal transplantation. 39 Smad3 is directly activated by the TGF-b receptor and binds directly to specific sites in promoter regions to induce transcription of genes involved in the fibrotic response, such as collagen I. 15, 40 In the context of renal fibrosis, Smad3 is necessary for the transition of tubular epithelial and endothelial cells into mesenchymal cells. [16] [17] [18] [19] [20] [41] [42] [43] In this study, we demonstrated that MMT and interstitial fibrosis in chronic renal allograft rejection depended upon Smad3 expression in recipient cells, whereas Smad3 expression in the intrinsic cells of the allograft (i.e., resident macrophages, epithelial cells, endothelial cells, pericytes, and resident fibroblasts) did not make a major contribution to interstitial fibrosis. The demonstration that Smad3 is required for the differentiation and transition of bone marrow macrophages into myofibroblasts and the development of interstitial fibrosis in chronic allograft rejection is consistent with our previous finding that TGF-b/Smad3 signaling plays a critical role in MMT during renal fibrosis in the obstructed kidney. 14 In summary, the MMT process may be an important pathway, giving rise to myofibroblasts and contributing to interstitial fibrosis in chronic active renal allograft rejection. This transition involves macrophages with a predominant M2 phenotype. Finally, TGF-b/ Smad3 signaling is a key regulatory mechanism promoting MMTand interstitial fibrosis during chronic renal allograft rejection.
CONCISE METHODS
Human Renal Allograft Biopsy Samples
Renal biopsy samples and clinical datawere collected from a total of 59 patients in the Prince of Wales Hospital, Hong Kong in 2013. Four-month and 2-year protocol biopsies were performed on all consenting patients. Clinically indicated allograft biopsies were performed if the serum creatinine rose $30% from baseline in 1 month, or proteinuria was $0.5 g/d, or the serum creatinine rose ,30% from baseline for 3 months without a known cause. A pathologist scored the biopsy specimens according to Banff 2011. Among these, we selected patients with confirmed acute or chronic active rejection or chronic allograft injury (details in Table 1 ). Exclusion criteria were as follows: no sign of acute or chronic allograft injury, the presence of another solid organ transplant, the presence of other forms of CKD such as GN, and lack of available clinical data. Biopsy samples from 32 renal transplant recipients were examined, which included seven cases of acute rejection (including acute antibodymediated rejection, acute T cell-mediated rejection, and borderline changes), 13 cases of chronic active rejection (including chronic active antibodymediated rejection and chronic active T cellmediated rejection), and 12 cases of interstitial fibrosis/tubular atrophy without evidence of rejection (details in Table 1 ). All biopsy specimens were scored according to the Banff 1997 classification. 44 In addition, ten samples from biopsies performed immediately after transplantation were used as normal controls. Snap-frozen sections were fixed with acetone before being used for immunofluorescence or confocal microscopy. The serum creatinine level (micromoles per liter) was taken as the average of the three most recent measurements taken during the month before biopsy. The study was approved by The Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee.
Mouse Kidney Transplantation
Kidneys from BALB/c mice were transplanted into C57Bl6/J recipients. Ectopic kidney transplantation was performed as previously described. 45 In brief, the donated renal artery and vein were anastomosed to the recipient's abdominal aorta and vena cava, respectively. The donated ureter was attached to the recipient's bladder. Both native kidneys of the recipient mouse were left in place. The technical success rate was 80%. A chronic model of renal allograft rejection was created by treating all recipient mice with FK506 (1 mg/kg per day by intraperitoneal injection from the day of transplantation until being euthanized 4 weeks later). 46 Lineage tracing of recipient myeloid cells was investigated by transplanting BALB/c donor kidneys into mice hemizygous for Lyz2-Cre and heterozygous for Rosa26-Tomato on the C57BL/6 strain (H-2b, both sexes, age 8 weeks, obtained from Jackson Laboratory). 47 The role of Smad3 signaling was investigated by transplanting WT type BALB/c donor kidneys into Smad3 WT or Smad3 KO C57Bl6/J mice. 48 Isograft controls involved transplantation of BABL/c donor kidneys into BALB/c recipient mice (which also received FK506 treatment). All transplant experiments were performed using sex-matched animals (n=7 in Smad3 WT and Smad3 KO groups, n=6 in Tomato groups and isografts). Animal studies were performed according to the Department of Health (Hong Kong) guidelines in Care and Use of Animals and the experimental protocol was approved by the Animal Experimentation Ethics Committee at the Chinese University of Hong Kong.
Histology and Immunohistochemistry in Human and Mouse Tissues
Kidney tissue was fixed in formalin and embedded in paraffin for Masson trichrome stain and immunohistochemistry staining as described previously. 14, 46 Periodate-lysineparaformaldehyde-fixed cryostat sections of human and mouse tissues were stained with antibodies against CD68 (Dako, Glostrup, Denmark), a-SMA (Sigma, St Louis, MO), collagen I (South Biotech, Birmingham, AL), CD206 (Biolegend, CA), iNOS (BD Biosciences, San Jose, CA), and mouse F4/80 (Serotec, Oxford, UK). Slides were examined by fluorescence microscopy (Axioplan2 imaging; Carl Zeiss, Oberkoche, Germany) and confocal microscopy (LSM 510 META and LSM 880; Carl Zeiss, Oberkoche, Germany). Z-stack images were collected on the confocal microscope from single MMT cells coexpressing CD68 (F4/80), a-SMA, and collagen I. Positive-stained cells and the area of staining were quantified in at least ten consecutive high-power fields using Image-Pro Plus 7.0 software and expressed as number of positive cells per square centimeter or percent positive area, as previously described. 14 
Flow Cytometry
Mouse kidney graft tissue was digested using Blenzyme 4 (Roche Inc., Indianapolis, IN), sieved, and a cell suspension prepared. Cells were 
Western Blot Analysis
Protein from renal graft tissues was extracted with RIPA lysis buffer for Western blot analysis as described previously. 46, 49 Briefly, after blocking, membranes were incubated overnight at 4°C with primary antibodies against a-SMA (Sigma), collagen I (South Biotech), or GAPDH. After washing, membranes were incubated with LI-COR IRDye 800-labeled secondary antibodies (Rockland). The signal was detected with Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln, NE) and quantified against the internal loading control GAPDH with ImageJ version 1.48 (National Institutes of Health, Bethesda, MD).
Statistical Analyses
Data are expressed as mean6SEM. Statistical analyses using the student t test and one-way ANOVA followed by Newman-Keuls multiple comparison test were performed with GraphPad Prism 5.0. Correlation analysis used the Pearson correlation coefficient. A P value ,0.05 was considered statistically significant. 
